Infections of bone and the joints can represent major diagnostic and therapeutic challenges to all clinicians. Together with osteomyelitis and septic arthritis, soft-tissue infections like cellulites/fasciitis and abscess formation can occur, which have to be treated appropriately. Bone scintigraphy is a sensitive method that can be used to search for bone and joint infections. Labeled leukocytes often are used as the gold standard to identify infectious foci in the musculoskeletal system, but major drawbacks of this method are the imaging of chronic infections and imaging of the axial skeleton. Like 111 In-labeled leukocyte imaging, 99m Tc-labeled antigranulocyte antibody scintigraphy has a role in the imaging of osteomyelitis of the peripheral skeleton. Magnetic resonance imaging is widely used to evaluate musculoskeletal infections and is excellent in identifying abscess formation, but the extent and spread of infection is sometimes difficult to delineate because hyperemia and infection are not congruent. Semin Nucl Med 39:27-35
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Osteomyelitis
Choosing the appropriate combination of imaging methods in the evaluation of infection may be challenging. A variety of methods is available for imaging inflammation and infection. The role of imaging is to confirm the clinical suspicion, characterize the lesion and its extent, and detect complications such as abscess or fistula formation in infectious disease.
Standard radiography, magnetic resonance imaging (MRI), and CT commonly are used to detect inflammatory and infectious lesions in the bone. Radiographs always should be performed to provide an anatomic overview of the region of interest and to select subsequent imaging modalities. MRI has been used widely because of its excellent soft-tissue contrast and its sensitivity to tissue edema and hyperemia. MRI is valuable in the visualization of septic arthritis, spinal infection, and diabetic foot infections. However, these modalities are of limited value to detect early infection when morphological changes are absent. In addition, diagnostic difficulties always arise when chronic infection is suspected, particularly when there are preexisting alterations in the spine as the result of trauma, surgery, or infection. Artifacts caused by prosthetic joints or metallic implants in the spine or extremities can degrade images sufficiently to make diagnosis impossible in both CT and MRI. Therefore, nuclear medicine procedures are needed as a functional adjunct to complement morphologic imaging techniques.
The choice of the best nuclear medicine procedure depends on the grade of inflammation, duration of infection, availability, cost, and radiation exposure. Commonly used conventional nuclear medicine procedures include 3-phase bone scintigraphy, 67 Ga-citrate, 111 In-and 99m Tc-HMPAOlabeled leukocytes, 99m Tc-radiolabeled murine monoclonal antigranulocyte antibodies and 99m Tc-radiolabeled nanocolloids and human immunoglobulins.
Three-phase bone scintigraphy is readily available and has a high negative predictive value in undamaged bone. However, it is nonspecific in patients with previously violated bone, in patients with prosthetic joints, and in the neuropathic joint. Under these circumstances, sequential bone/ gallium-67 ( 67 Ga) scintigraphy is used; however, specificities still vary between less than 50% and 100%. [1] [2] [3] [4] The need to perform 2 imaging procedures and delayed imaging are major disadvantages. Gallium-67 imaging alone is useful as an adjunct to MRI in the diagnosis of spinal infection.
Labeled leukocytes and antigranulocyte antibodies are neither sensitive nor specific for infection in the axial skeleton. [5] [6] [7] The latter imaging techniques have appropriate diagnostic accuracy in the peripheral skeleton; however, differentiation between soft tissue and bone infection is often impossible because of limited spatial resolution (Fig. 1) .
Among the various conventional nuclear medicine procedures, the use of 111 In-labeled leukocytes is one of the most specific imaging techniques and is useful in acute infections, in osteomyelitis of the diabetic foot, and in the neuropathic joint. In addition, the use of labeled leukocytes, together with complementary bone marrow scintigraphy, is the radionuclide procedure of choice in the assessment of prosthetic joint infection. However, presentation of patients with prosthetic joints and the diabetic foot is complex and discussed in separate articles in this seminar on infectious disease.
The development of single-photon emission computed tomography (SPECT)/computed tomography (CT) cameras partly has overcome the lack of spatial resolution in conventional nuclear medicine by the use image coregistration. 8 FDG-PET has shown some advantages in contrast to other imaging methods as a result of the so-called "respiratory burst," which mononuclear cells and neutrophilic granulocytes undergo when activated and while fighting an infection. 9, 10 Infection can be acute or chronic, the former showing predominantly neutrophilic granulocytes infiltrates. In the latter, macrophages join the neutrophils.
In contrast to acute osteomyelitis, low-grade and chronic infections are more difficult to diagnose with the current imaging modalities. In this setting, PET is successfully performed because FDG is avidly taken up by activated macrophages in the chronic phases of infection. FDG-PET has the greatest diagnostic accuracy for confirming or excluding chronic osteomyelitis. 11 According to the literature, 12,13 a negative FDG-PET scan can virtually rule out osteomyelitis.
FDG-PET is superior to labeled leukocyte imaging for the detection of chronic osteomyelitis in the axial skeleton because physiologic FDG uptake in the hematopoietic marrow is relatively low. 11 According to a recent meta-analysis by Termaat and coworkers 11 FDG-PET is not only the most sensitive examination for the detection of chronic osteomyelitis but also more specific than labeled leukocytes, bone scintigraphy, or MRI in this setting. Because of the high physiological uptake in the hematopoietic bone marrow in labeled leukocyte imaging, sensitivities are as low as 21% to detect chronic osteomyelitis in the axial skeleton. 11 Increased FDG accumulation in PET is also associated with inflammatory arthritis, fractures, normally healing bone, and degenerative changes. [14] [15] [16] However, in contrast to bone scintigraphy, FDG-PET rapidly normalizes after traumatic or surgical fractures 14, 16 as fibroblasts predominate in normally healing bone, and FDG uptake quickly subsides 4 months after surgery. 17 The healing process shows most of the cells that are present in inflammation. 18 Therefore, specificity increases if recently (less than 4 months) traumatized or operated bone is excluded.
Our group reported on FDG-PET in 18 patients with suspected acute and subacute osteomyelitis in the axial and peripheral skeleton and found sensitivities of 100% and specificities in the range of 83% to 99%, respectively. 19 de Winter and coworkers 13 prospectively studied FDG-PET in 60 patients with chronic osteomyelitis and found sensitivity, specificity, and accuracy of 100%, 86%, and 93%, respectively. In a retrospective study, Kälicke and coworkers 20 reported on 15 true positive findings in 15 patients with histologically confirmed acute (n ϭ 7) and chronic osteomyelitis (n ϭ 8).
FDG-PET was superior to 99m Tc-labeled antigranulocyte antibody scintigraphy in the evaluation of chronic osteomyelitis involving in the axial skeleton (n ϭ 15 of 51). 12 99m Tclabeled antigranulocyte antibody scintigraphy frequently cannot differentiate between active and inactive processes as the result of nonspecific areas of decreased radionuclide uptake. FDG-PET provides sufficient anatomical information and spatial resolution to distinguish soft tissue from bone infection, despite the presence of metallic implants. In another study by Guhlmann and coworkers, 21 overall sensitivity and specificity were 100% and 92%, respectively, in the assessment of chronic osteomyelitis in the peripheral (n ϭ 21) and axial skeleton (n ϭ 10). In the latter study, the use of FDG-PET showed particularly promising results in the detection of chronic osteomyelitis in the axial skeleton, an area in which labeled white cell scanning is of limited value, with an accuracy in the range between 53% and 76%. 22 In a study performed by Zhuang and coworkers, 23 sensitivity, specificity, and accuracy were 100%, 87.5%, and 90.9%, respectively, for FDG-PET in 22 patients with suspected chronic osteomyelitis. Chacko and coworkers 24 reviewed the results of 167 FDG-PET scans in patients with the suspicion of various infections. Fifty-six of these 167 patients were suspected of having chronic osteomyelitis, with an accuracy of 91%. In addition, the available data show that the use of FDG-PET is superior to conventional nuclear medicine methods to distinguish between soft tissue and bone infection (Fig. 2) .
FDG-PET and FDG-PET/CT have many advantages over conventional nuclear medicine imaging techniques: completion within 1 hour, high sensitivity, high target-to-background contrast, and high-resolution tomographic images. PET/CT with the combination of PET and a low-dose or full-dose diagnostic CT helps in this setting because it provides exact anatomic localization of FDG uptake and increases the specificity compared with PET alone. The logistics of the PET technique make its use easier in chronic than in acute inflammation.
Disc Space Infection
The diagnosis of disc space infection has always been a challenge for the clinician. Conventional radiography is normal within the first 8 weeks before structural changes occur. The In addition, circular increased FDG uptake is found in the tumorous lesion in the right hemithorax representing the abscess as well as focally increased FDG uptake of the right sterno-clavicular joint and the adjacent bones with osseous destruction. In addition, the right sternocostal joint was involved. In contrast to PET or CT imaging alone, coregistrated PET/CT helps to diagnose soft tissue infection and additional infectious involvement of the adjacent bones. diagnostic imaging technique of choice is contrast-enhanced MRI with an accuracy of approximately 90%, which provides early diagnosis of disc space infection. 25, 26 In addition to bone marrow abnormalities, epidural, subdural, intramedullary, and paraspinal soft-tissue changes are signs for spinal infection that can be clearly delineated in contrast-enhanced MRI. However, differentiation between degenerative (socalled Modic abnormalities) and infectious disc disease can be difficult because of potentially similar abnormalities.
Three-phase bone scintigraphy is of limited value in the differentiation of degenerative from infectious end plate abnormalities. It showed an overall accuracy of only 67% and cannot be recommended in the clinical routine. 27 Modic and coworkers 25 described a sensitivity and specificity of 90% and 78% for bone scintigraphy and 96% and 92% for MRI, respectively. Bone scintigraphy, together with 67 Ga SPECT, is the radionuclide imaging method of choice so far for diagnosing spinal osteomyelitis. Love and coworkers 4 reported that 67 Ga scintigraphy was more sensitive than bone scintigraphy and, when performed as SPECT, was comparable with sequential bone-gallium scintigraphy with sensitivities of 91% and specificities of 77%, respectively.
In contrast to bone scintigraphy, 67 Ga scintigraphy can more easily identify local extension of spinal infection (eg, soft-tissue infection). In addition, 67 Ga is more useful in monitoring treatment response as it reflects more accurately the degree of activity of infective processes. 28 111 In-labeled leukocytes have a limited value in the diagnosis of spinal infection because of photopenic defects, which are nonspecific as several noninfectious conditions (eg, tumors and infarction) tend to show photopenia. 29, 30 Although most of the published series are small, FDG-PET appears to be superior in the evaluation of spinal osteomyelitis with higher sensitivities and specificities compared with 67 Ga-citrate imaging. [31] [32] [33] In a study performed by Gratz and coworkers 33 in which they used a coincidence camera, they found that FDG-PET was superior to MRI and gallium imaging in patients with suspected disc space infection. Schmitz and coworkers 32 reported that FDG-PET is sensitive in the detection of disc space infection and additional paravertebral soft-tissue involvement. Twelve of 16 patients had a histopathologically confirmed disc space infection.
According to our results, the use of FDG-PET appears to be useful for excluding disc space infection in equivocal MR cases. In the latter PET study, we included 30 symptomatic patients with substantial end-plate abnormalities of the lumbar spine in MRI. 31 FDG-PET did not show uptake in the intervertebral spaces of any patient with degenerative disease, whereas infectious end plate abnormalities were always positive (Fig. 3) . The sensitivity and specificity for MRI in detecting disc space infection were 50% and 96%, and for FDG-PET 100% and 100%, respectively. 
Metallic Implant-Associated Infections in Trauma Patients (Except Prosthetic Joints)
Standard radiography in trauma patients may demonstrate nonunion, sequestered bone, intraosseous abscess formation, and bone resorption at implant-bone interfaces in infection. Standard radiography is not useful, however, for the diagnosis of early or low-grade infection. The use of MRI demonstrates abnormalities of bone marrow and soft tissue if not hampered by artifacts caused by metallic implants. However, healing and infected tissue may be impossible to differ- entiate. This is also true for ultrasound, the use of which is also limited to bone surfaces and soft tissue. CT more precisely demonstrates fragments and sequestration than standard radiography but is inferior to MRI in soft tissue and bone marrow assessment. In conventional nuclear medicine, 3-phase bone scintigraphy is used for the initial evaluation for osteomyelitis, but the findings are affected by previous surgery and trauma and often are not specific. The limitations of spatial resolution are a relevant problem. Specificity increases if combined bone and gallium scanning is used.
In the last decade, the use of 111 In-labeled leukocytes combined with 99m Tc bone marrow scintigraphy has been shown to be highly accurate for the diagnosis of various musculoskeletal infections, which could alter distribution of bone marrow with sensitivities and specificities of 100% and 94%, respectively. 34 Labeled leukocyte scintigraphy combined with bone marrow scintigraphy is the conventional radionuclide procedure of choice for diagnosing complicating osteomyelitis like in trauma patients with metallic implants. FDG-PET represents a promising imaging technique in the diagnosis of implantassociated infections the imaging of in trauma patients and has shown to be both sensitive and specific. 13, 35 Conventional radionuclide methods are often first-line imaging procedures in the diagnosis of implant-associated infections in patients with trauma. However, nonspecific tissue uptake of imaging agents and imaging over several days restrict their usefulness. Unlike MRI and CT, FDG-PET images are not substantially affected by metallic implants inserted for fixing fractures, in contradistinction to PET imaging in prosthetic joint devices. This is most likely attributable to the more slender materials (eg, titanium) and methods (eg, external fixation) used in trauma patients (Figs. 4 and 5) . Patients with prosthetic joint devices show artifacts because of the relatively high photon absorption of the prosthesis. 35, 36 FDG-PET demonstrates a sensitivity of nearly 100% and a specificity in the range of 88-93% in the diagnosis of chronic musculoskeletal infections, including patients with and without metallic implants or prosthetic replacements. 13, 21, 35 de Winter and coworkers 13 evaluated the use of FDG-PET in the diagnosis of chronic musculoskeletal infections in 34 patients with metallic implants. Seventeen patients demonstrated infections around metallic implants used in trauma surgery. Infectious lesions in the peripheral, as well as in the axial skeleton, were correctly identified with the use of FDG-PET, in contrast to the results of 17 patients with suspected periprosthetic infections. Similar results were found by Guhlmann and coworkers, 21 who examined 6 patients with suspected metallic implantassociated infection in a group of 31 patients with suspected chronic osteomyelitis. The only false-positive finding was a patient with a soft-tissue infection, which in PET was localized to bone because of missing anatomic landmarks. In a study performed by Kälicke and coworkers, 20 FDG-PET was true positive in all cases. FDG-PET was not affected by metallike implants used for fixation of fractures. Moreover, Kälicke and coworkers 20 demonstrated that FDG uptake at the sites of fractures and nonunions is significantly lower than it is at the sites of infections, thereby facilitating differentiation.
The results of our own data showed a sensitivity of 100%, a specificity of 93%, and an accuracy of 97% when FDG-PET is used in the diagnosis of metallic implantassociated chronic infections in 22 patients (29 scans) with a previous history of trauma. 35 One false-positive finding was detected in the soft tissue of a patient six weeks after surgery and no false-negative findings were observed. In addition, the surgeons assessed the influence of FDG-PET on their treatment decisions. FDG-PET influenced the clinical decision-making process in almost twothirds of the patients. FDG-PET could accurately differentiate between bone and soft-tissue infection.
One of the largest studies was prospectively performed by de Winter and coworkers. 37 The latter group investigated FDG-PET in 57 patients (n ϭ 27 with metallic implants) with suspected infection after previous spinal surgery. The median interval between surgery and FDG-PET examination was 10 months (range 1.25-288 months). Infection was detected in 10 of 27 patients with and in 5 of 30 patients without metallic implants in the spine. Sensitivity, specificity, and accuracy were 100%, 81%, and 86%, respectively. In approximately 60% of patients, infection could be ruled out with FDG-PET. Although specificity of FDG-PET was not greater than 81%, comparable results are not obtained with bone scintigraphy, labeled leukocytes, or MRI in the postoperative spine. 38 In a recent study performed by our own group, we evaluated the diagnostic value of FDG-PET/CT in trauma patients with suspected chronic osteomyelitis and found promising results (Fig. 6) . 39 Among 33 PET/CT scans, 17 were true positive, 13 true negative, 2 false positive, and 1 false negative. Sensitivity, specificity, and accuracy for FDG-PET/CT was 94%, 87%, and 91% for the whole group; 88%, 100%, and 90% for the axial skeleton; and 100%, 85%, and 91% for the peripheral skeleton, respectively. Our data showed 2 false-positive (both in the peripheral skeleton) and one falsenegative finding (in the axial skeleton). Summarizing the results of these studies, FDG-PET is superior for detecting chronic osteomyelitis in the axial skeleton in contrast to labeled leukocyte imaging. 11 PET/CT allowed precise localization of the infectious focus and demonstrated the extent of chronic osteomyelitis with a high degree of accuracy.
Septic Arthritis
Bacterial arthritis may be caused by penetrating trauma or through ulcers such as those occurring in diabetes. Direct implantation of infectious agents also may occur after injections or surgery. Hematogenous routes of infection occur, especially in immunocompromised patients. Although bone scintigraphy is used widely in imaging noninfectious arthritis in rheumatologic patients, radionuclide imaging has a limited role in the management of septic arthritis because ultrasound and joint fluid aspiration with microbiologic workup are easy to perform and available everywhere. Radionuclide imaging can be useful in the differentiation of septic arthritis from osteomyelitis and soft tissue infection as well as in the detection of multifocal joint infections.
The appearance of septic arthritis in 3-phase bone scintigraphy with 99m Tc-diphosphonates is characteristic: because of hyperemia in synovial vessels, all 3 phases (the perfusion, blood pool, and osseous phase) show increased radionuclide uptake. [40] [41] [42] Normal or even decreased radiotracer uptake can occur in cases of arthritis if the blood flow is compromised by high intracapsular pressure. Majd and Frankel 43 found increased uptake in 6 of 7 children and decreased uptake in 1 of 7 children with proven septic arthritis. Bone scintigraphy is more sensitive than standard radiography in the diagnosis of arthritis because radionuclide uptake precedes morphological bone changes. 41, 44 If the bone scan is negative but the clinical impression is still suspicious for septic arthritis, the specificity of bone scans can be improved by the additional performance of 67 Ga, labeled leukocytes, or monoclonal antibody studies (Fig. 6) . However, the need to use multiple radionuclide tracers and to perform imaging at multiple times adds complexity, delays the start of treatment, and causes inconvenience to the patients. SPECT and SPECT/CT are useful supplements to planar scintigraphy, especially in equivocal cases and in the differentiation of soft tissue and bone infection as demonstrated in a patient with osteomyelitis. 8, 45 SPECT/CT also should be considered in patients with arthritis in complex body regions like the spine. 46, 47 MRI with intravenous contrast administration reliably demonstrates the abnormalities associated with septic arthritis, including joint effusion, synovial hyperemia, and proliferation. In addition, reactive bone marrow and softtissue edema, secondary osteomyelitis, tendon abnormalities, and soft-tissue abscesses are found. 48 Although MRI might be superior in monoarticular infections, the advantage of bone scintigraphy over MRI is that a bone scan is a whole-body imaging technique and covers all involved joints in one investigation. Thus, in infections involving multiple joints, radionuclide studies should be performed.
The role of FDG-PET/CT in the workup of septic arthritis has not been defined yet. According to our experience, FDG-PET/CT is particularly useful in clinically difficult cases in which the advantage of PET as a relatively fast, whole-body imaging modality plays an important role, as demonstrated in Fig. 7 . Compared with bone scintigraphy, FDG-PET/CT also can be used to discover infectious foci outside the bone in the lung or other organs. Dumarey and coworkers showed promising initial results using 18 F-FDG-labeled leukocytes for infection imaging and reported 1 case of septic knee arthritis among the 23 patients included. 49 Cost effectiveness of advanced and expensive imaging modalities like SPECT/CT or PET/CT have not been investigated, and further studies are needed to define the role of nuclear medicine in septic arthritis compared with morphologic imaging like ultrasound and MRI.
Conclusion
Bone scintigraphy, 67 Ga, and labeled leukocytes are the conventional nuclear medicine imaging techniques of choice for imaging musculoskeletal infection. At the present time, FDG-PET has an incremental value over other imaging modalities and appears to be more sensitive and specific in the detection of various infectious diseases. In the diagnosis of osseous infection, FDG-PET has a major impact in patients with chronic osteomyelitis. Particularly in the axial skeleton, FDG-PET is an important imaging technique in the diagnosis and exclusion of chronic osteomyelitis, showing superior accuracy to other radionuclide imaging modalities. Moreover, FDG-PET plays an important role in the differentiation between disc space infection and erosive degenerative disc disease, where both MRI and bone scan may be falsely positive. FDG-PET may replace other imaging modalities in the assessment of metallic implant-associated infection in trauma patients (excluding prosthetic joints). Differentiation between osteomyelitis and soft-tissue infection may be better obtained with the use of FDG-PET than with CT or MRI, because of better lesion-to-background contrast and the scarcity of artifacts arising from metallic implants used in trauma surgery compared with CT and MRI. FDG-PET/CT permits more precise delineation and characterization of the infectious focus and helps to improve the management of patients with various infectious diseases. 
